ABSTRACT The lowest concentrations of citric acid were measured that caused coughing in 10 normal subjects who inhaled successively higher concentrations. Two subjects did not cough at any concentration. In the remaining eight the threshold concentration was significantly higher when measured in the afternoon than it was in the morning (p < 0.05). The expected diurnal variation in peak expiratory flow rate (PEFR) was found (significant in the whole group-p < 0.05); but PEFR did not change significantly when measured before and immediately after coughing caused by citric acid inhalations. In a second group of 10 normal subjects two series of citric acid inhalations were given, separated by one hour. The total number of coughs was significantly lower on the second run (p < 0.05). Thus diurnal variation and adaptation of the cough response must be taken into account when antitussive drugs are tested.
Cough can be induced in man by inhalation of nebulised citric acid.' Two methods are commonly used; the one most frequently described requires inhalation of varying concentrations of stimulant for a predetermined period, during which the subject attempts to breathe normally. 2 The concentration at which coughing occurs (the cough threshold) and the number of coughs (the cough response) are recorded. Another method depends on a single breath technique, in which the subject exhales to a known lung volume and then inhales rapidly to total lung capacity (TLC). 3 After each inhalation we checked the volume of air inhaled, repeated the measurement of PEFR, waited two minutes, and then gave the citric acid at an increased concentration. The citric acid was started at a concentration of 0.5% and increased in 0.5% increments to 5%, then in 1% increments to 10%, and finally in 2.5% increments to 17.5%. The first concentration at which coughing occurred (the cough threshold) was noted. GROUP 2 We selected another 10 healthy volunteers aged 20-38 years, and adapted the technique so that we could measure the time from the start of inhalation to the first cough (the latency of the response) as well as the number of coughs. We divided the number of coughs by the latency and called the result the "cough index" for that inhalation. The cough detector was a mercury strain gauge loosely attached around the subject's neck and connected to a Medelec fibreoptic recorder (fig 1) .
The citric acid was started at a concentration of 0.5 % but increased in this protocol by doubling concentrations to a total of 16%, four minutes being allowed between each inhalation. The cough threshold was again noted. The experiment was repeated one hour later to determine whether the cough response had altered. The whole study (that is, two series of citric acid inhalations separated by a one hour interval) was repeated on another day at the same time of day to see whether the results were reproducible.
Results

GROUP 1
Two of the 10 subjects did not cough at any citric acid concentration on any of the four days. Threshold values for the remaining eight are shown in the table. There was agreement within 2% for the two morning results, but variability was greater in the afternoon.
We took for further analysis the means of the two morning and two afternoon thresholds, and the means of the two morning and the two afternoon baseline PEFRs. Of these eight subjects, seven had a higher threshold and six a higher PEFR in the afternoon (fig 2) . The overall mean morning threshold (2.84% citric acid (1 SD 0.33%)) was significantly less than the overall mean afternoon threshold (4.44% (1.54%); p < 0.05, paired t test). The overall mean morning baseline PEFR (507 (87) 1 min-') was significantly less than the overall mean afternoon baseline PEFR (530 (89) 1 min-'; p < 0.05, paired t test).
The mean value of all cough thresholds obtained on day 1 was 4.13% (1.46%); on day 2, 3.43% (2.73%); on day 3, 3.44% (1.74%); and on day 4, 3.18% (1.06%). Although there was a trend for the mean thresholds to decrease as the experiments proceeded this decrease was not significant at the 5% level (analysis of variance).
We noted baseline PEFR (before any citric acid was given), subthreshold PEFR (just before the inhalation of citric acid that caused coughing), and postthreshold PEFR (after the first bout of induced coughing). No significant differences were found (mean values 518 (87), 514 (76), and 513 (80) 1 min-'). We took for further analysis cumulated sums of the coughs obtained in each citric acid run from 0 to 16% for each subject, two runs on each of two days, and the similarly cumulated sums of the "cough indices." On day 1 the number of coughs and the total of "cough indices" were significantly less on the second run, one hour after the first (p < 0.01 and < 0.05 respectively, Wilcoxon' s signed rank test). On day 2 the same result was obtained (p < 0.01 for both criteria). Individual results for day 1 are shown in figure 3 .
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Among 20 comparisons the threshold increased in To maintain a reproducible stimulus to the airways we administered citric acid aerosol using a single breath technique. The alternative method, in which a subject attempts to breathe normally while inhaling citric acid, has the disadvantage that any irritation or coughing induced would stimulate an altered pattern of inhalation and deposition of the aerosol would be changed. Furthermore, the deep inhalation which occurs before coughing would cause stimulation and recruitment of irritant receptors. These might modify the response to such an extent that no other inhalation of citric acid would be directly comparable unless the pattern of coughing and the alteration in lung volumes induced were identical. Unlike Empey,3 we asked our subjects to inhale from RV to TLC over five seconds rather than inhale as rapidly as possible. This was because of the effect of rapid inhalation on smooth muscle receptors and because rapid inhalation has been reported to cause bronchodilatation,9 which is reduced by a slower inhalation.
In the first study we showed that cough threshold was systematically and significantly higher in the afternoon. Consequently it is important that studies of antitussive drugs in an individual should be done at the same time of day. We did not in this study have a reliable method of counting coughs, and based our conclusion on cough threshold alone. In the second study we recorded and counted the coughs, hoping to construct a dose-response curve, and for the same reason we used logarithmic dosage increments. Plausible dose-response curves were obtained in only three of 10 subjects. We therefore abandoned the dose-response approach, and took the total number of coughs. This was sufficient to show that the cough response to citric acid is diminished when repeated an hour later, even without any pharmacological intervention.
The switch to logarithmic dose increments increases the interval between successive doses around the normal threshold, and makes determination of the threshold necessarily less precise. We suspect that this accounts for the finding that, despite a diminution in cough response, the threshold showed only a non-significant trend to increase.
We had gone to some pains, as described above, 
